In the present study five different types of alkylphenols, each of the two different types of mono and poly-aromatic hydrocarbons were selected for degradation, and conversion into poly-3-hydroxybutyrate (PHB) using the Bacillus sp. CYR1. Strain CYR1 showed growth with various toxic organic compounds. Degradation pattern of all the organic compounds at 100 mg/l concentration with or without addition of tween-80 were analyzed using high pressure liquid chromatography (HPLC). Strain CYR1 showed good removal of compounds in the presence of tween-80 within 3 days, but it took 6 days without addition of tween-80. Strain CYR1 showed highest PHB production with phenol (51±5%), naphthalene (42±4%), 4-chlorophenol (32±3%) and 4-nonylphenol (29±3%). The functional groups, structure, and thermal properties of the produced PHB were analyzed. These results denoted that the strain Bacillus sp. CYR1 can be used for conversion of different toxic compounds persistent in wastewaters into useable biological polyesters.
Introduction
Alkylphenols are toxic compounds and are considered as endocrine disrupters that can cause various harmful effects, including reproductive effects by imitating the typical female sex hormone, estrogen in aquatic life and in humans (Ogata et al., 2013; Toyama et al., 2011) . Therefore, the industrial effluents containing alkylphenols should be properly treated to remove them. In the similar way, substantial amount of phenol and phenolic compounds are discharged through effluents from a variety of industries including leather processing, textiles, pharmaceutical, and oil plants (Haddadi & Shavandi, 2013) . Phenol pollution is of great alarm since this chemical is toxic, mutagenic, and carcinogenic. Because of its several toxic effects, removal of phenol from industrial wastewaters before their release is considered to be obligatory (Lu et al., 2012) . Polycyclic aromatic hydrocarbons (PAHs) are classified as priority pollutants by the United States Environmental Protection Agency and are ubiquitous in environment.
They pose a significant threat to human health due to their mutagenic and carcinogenic properties (Xia et al., 2015) . Wastewaters with these organic compounds can be treated mainly by physicochemical processes, but these methods are costly and inappropriate for large wastewaters volumes (Lobo et al., 2013) . Biological degradation has been utilized as alternative, since it has low associated costs and is more effective in degradation of organic compounds (Park et al., 2013) .
On the other side, conventionally large fraction of synthetic plastic waste is buried in the soil due to its non-biodegradable property. Bioplastics in the form of polyhydroxyalkanoates (PHA) are an alternative to synthetic plastics and use of these bioplastics could lower the contribution of synthetic plastics to municipal landfills.
Poly-3-hydroxybutyrate (PHB) is a type of PHA produced by many species of bacteria that serves as a storage form of carbon and energy (Koller & To overcome the above mentioned two problems (i.e., toxic compounds degradation, and plastic disposal) the search for new bacterial strains that are capable of growth on unconventional/toxic substrates and that are more efficient and cost effective PHB producers is an active area of present research. Although the isolation of PHB producing bacteria from environments contaminated with different pollutants has been studied, only a few reports describe the microbial production of PHB using pollutants. (benzene, toluene, ethylbenzene, and xylene) compounds in to PHA using single and defined mixed cultures. Objective of the present study is conversion of toxic compounds into useful bioplastics i.e., PHB using Bacillus sp. CYR1. In this study, we examined the capacity of Bacillus sp. CYR1 to degrade different toxic compounds. Furthermore the effect of surfactant (Tween-80) addition on degradation of different toxic compounds was evaluated. Degradation of toxic compounds was analyzed using high pressure liquid chromatography (HPLC). The amount of PHB produced was calculated based on bacterial cell dry mass (CDM) using gravimetric method. The PHB granules accumulated inside the bacteria were observed using transmission electron microscopy (TEM). The functional groups, primary and higher-order structures, thermal properties of the produced PHB were confirmed using fourier-transform infrared spectroscopy (FT-IR), 1 H and 13 C nuclear magnetic resonance (NMR), gel permeation chromatography (GPC), X-ray diffraction (XRD), thermogravimetric analysis (TGA), and differential scanning calorimetry (DSC) respectively.
Materials and methods

Chemicals
We selected three different types of toxic organic compounds, i.e., alkylphenols, mono and poly-aromatic hydrocarbons for degradation studies using the bacteria Bacillus sp.
CYR1 (DDBJ accession number, LC049103). In alkylphenols we selected five different types of compounds i.e., 4-n-butylphenol (4-BP), 4-sec-butylphenol (4-s-BP), 4-tertbutylphenol (4-t-BP), 4-tert-octylphenol (4-t-OP), and 4-n-nonylphenol (4-NP). In mono-aromatic hydrocarbons phenol (phe) and 4-chlorophenol (4-CP) were selected. In poly-aromatic hydrocarbons we selected two rings and three rings compounds such as naphthalene (naph), and phenanthrene (phen) respectively. All chemicals used were of analytical grade and were purchased from Tokyo Chemical Industry (Tokyo, Japan).
Culture media
For the growth of Bacillus sp. CYR1 nutrient broth, and mineral salt medium (MSM)
were used as the media. The MSM contained 5.0 g CH3COONa, 0.1 g (NH4)2SO4, 0. Further studies were conducted by adding 0.02% Tween-80 as co-substrate and as surfactant in MSM without changing any conditions. The experiments were conducted for 3 days with Tween-80 addition, and for 6 days without Tween-80 addition. Samples were collected at different time intervals, and growth was monitored spectrometrically by measuring the absorbance at 600 nm using UV-spectrometer (UV-1800, Shimadzu, Japan). The degradation patterns of different toxic organic compounds were analyzed on HPLC as described in section 2.4.1. Cultures grown with Tween-80 addition were collected and the PHB was extracted and analyzed at 72 h as described in section 2.4.2.
Results reported are the averages of three replicates for all experiments.
Analysis
Analysis of toxic compounds degradation by HPLC
The degradation patterns of different toxic organic compounds were analyzed on HPLC (Shimadzu) with an SPD-10AV UV/Vis detector at 277 nm and Shim-pack VP-ODS column (4.5×150 mm diameter, particle size 5 μm; Shimadzu, Kyoto, Japan). Samples collected for HPLC analysis were acidified with phosphoric acid (10 %, wv −1 ) to stop the biological reaction, extracted with an equal volume of 1:1 (v v −1 ) ethyl acetate, shaken for 3 minutes, and centrifuged at 8,000×g for 10 min. The organic layer was filtered and then analyzed directly by HPLC. Filtered and degassed mobile phase mixture composed of acetonitrile: water (4:1) was used as mobile phase at a flow rate of 1.0 ml/min. The column was maintained at a temperature of 40°C in a thermostat chamber. Conditions maintained for HPLC analysis were described in Table S1 (see   supplementary information Table S1 ). Degradation concentrations were calculated from the area of the curve obtained for 1 mM of the standards. The detection limit was 0.03 mg/l. Recovery of samples was 99.5% in percent. All results were presented as average and standard deviation of the data from three independent experiments.
Extraction and estimation of PHB
Extraction and estimation of PHB was performed following the procedure reported cooled and the absorbance was measured at 235 nm for determining the PHB concentration against a sulfuric acid blank. Standard curve was prepared using pure PHB (Sigma-Aldrich).
Electron microscopy
For transmission electron microscopy (TEM) observation, cultured cells (50 μl) were collected in to a 1. days. 70 nm sections were cut using an UC6 ultra microtome (Leica), post-stained with 2% uranyl acetate followed by Reynold`s lead citrate. The sections were imaged in an H-7650 (Hitachi, Japan) operated at 80 kV.
Fourier Transform Infrared (FT-IR) spectroscopy
FT-IR spectrum were measured by Attenuated Total Reflection (ATR) method using FT/IR-4100 (Jasco, Japan). Neat PHB samples were pressed on KRS-5 crystal for analysis.
Nuclear Magnetic Resonance (NMR) spectroscopy
1 H (500 MHz) and 13 C (125 MHz) NMR spectra were recorded on a JNM-ECA500
NMR spectrometer (JEOL, Japan) at 20°C. Samples of produced PHB and standard PHB (Aldrich) were prepared by dissolving in deuterated chloroform (CDCl3), and then were filtrated with cotton. The signals of tetramethylsilane (TMS) and CDCl3 were used as the standards for chemical shift of 1 H and 13 C spectra, respectively.
Molecular mass determination
Number and weight average molecular mass (Mn and Mw) of standard and sample PHBs were measured using GPC 900-1 (JASCO, Japan) equipped with two Shodex K-806L columns and an RI detector. Chloroform was used as an eluent at 40ºC and polystyrene standards (Mn = 1,680-3,065,000) were employed for calibration.
Thermal analysis
Thermogravimetric analysis (TG/DTA7300, Hitachi, Japan) was used to determine the decomposition temperature (Td) of PHB. PHB powder was added into an aluminum pan and subjected to a heating rate of 20°C/min from 40°C to 600 
Results and discussion
In the present study we have used Bacillus sp. CYR1 for degradation of different toxic compounds and subsequent conversion of their metabolites into PHB. This is an exceptional bacteria for studying the biosynthesis of PHB under the conditions of stress induced by the toxic compounds. Bacteria showed short lag phase and then it entered in to log phase ( Figure S1 ). Among all the alkylphenols, bacteria grown with 4-s-BP showed highest growth followed by 4-BP, 4-t-BP, 4-NP and 4-t-OP. Bacteria grown with 4-s-BP showed highest growth, at 3 rd day it was 2.8 times higher with Tween-80 addition than without Tween-80 addition.
The growth of Bacillus sp. CYR1 was increased by 3.13 times higher with 4-BP, and 1.4
times with 4-t-BP respectively by the addition of Tween-80 ( Figure S1 ). It clearly indicates the positive effect of Tween-80 on growth of bacteria.
Growth curve with mono and poly-aromatic compounds
Two different types of mono-aromatic compounds i.e., phenol, and 4-chlorophenol at 100 mg/l final concentration were used for Bacillus sp. CYR1 growth. Among the two compounds, bacteria showed higher growth with phenol. Bacteria grown with 4-chlorophenol did not showed any significant growth without Tween-80 addition. After addition of Tween-80, bacteria incubated with phenol showed rapid growth ( Figure S1 ).
Bacteria at 3 rd day showed highest growth, it was increased by 1.18 times after Tween-80 addition. Interestingly bacteria grown with 4-chlorophenol also followed similar type of trend, the growth was enhanced by 2.80 times after addition of Tween-80. hypothesized that enzyme esterase may cleave the fatty acid from Tween, allowing it to be used as a carbon source by the bacteria.
Degradation of toxic organic compounds
Alkylphenols degradation
HPLC results denoted that there is a marked difference on the degradation of different alkylphenols by Bacillus sp. CYR1. Among all the compounds, bacteria showed highest degradation of 4-NP (51±4%), followed by 4-t-BP (47±2%), 4-s-BP (41±3%), and 4-t-OP (8±2%) at 6 th day of operation (Figure 1 ). Bacteria were not able to degrade 4-BP (0% degradation) up to 6 th day, and it was well supported by growth study results.
Figure 1
Tween-80 addition showed improvement in degradation of alkylphenols by Bacillus sp. degradation of phenol using the bacteria Halomonas. sp within 7 days at 1100 mg/l concentration.
CYR1 except 4-t-OP, and 4-t-BP (Figure 2
)
Poly-aromatic compounds degradation
Among the two poly-aromatic compounds, bacteria showed 26±4% removal of 
PHB production
PHB was accumulated by Bacillus sp. CYR1 when various compounds were supplied to the culture. PHB production and CDM were evaluated at 72 h of time interval for all the compounds. Biomass levels (CDM) varied (0.19 to 1.01 g/l) according to type of substrate (Table 1) , and PHB was also accumulated to different levels ranging from 0% to 51% CDM ( Table 1) . The best accumulation of PHB was achieved when phenol (51±5%) was used in MSM. Strain CYR1 accumulated the good level of PHB when supplied with other compounds like naphthalene (42±4%), 4-CP (32±3%), 4-NP (29±3%), and 4-BP (24±3%) ( Table 1 ). On the other side strain CYR1 unable to accumulate PHB when supplied with compounds like 4-t-BP and 4-t-OP.
PHB accumulation ability of Bacillus sp. CYR1 is carbon source dependent. Although all toxic substrates supported biomass growth to the comparable levels, but some substrates were poorer substrates for the PHB accumulation (Table 1) . This may be due to the different bioavailability of these substrates to the medium and different efficiency in utilization of these substrates by the Bacillus sp. CYR1. Hoffmann et al. (2000) reported many bacteria can consume a large number of aromatic compounds, but they cannot always accumulate PHB.
Table 1
The possibility to convert mono-aromatic compounds (BTEX, styrene) into PHA has been previously reported using Pseudomonas putida strains ( 
Identification of PHB produced by Bacillus sp. CYR1
Transmission Electron Microscopy
The ability of the strain to accumulate PHB using phenol (see supplementary information Figure S2 ) and naphthalene ( Figure S3 ) was investigated under TEM. PHB production was assessed by growing the strains in 500 ml conical flasks containing 100 ml nitrogen and phosphorous limited (100 mg/l) MSM medium with phenol or naphthalene. Bacterial cultures were incubated on a rotary shaker for 3 days at 30°C and 180 rpm. After the incubation period cells were collected and the accumulated PHB was analyzed as described in section 2.4.2.1. A series of thin sections of Bacillus sp. CYR1
containing PHB inclusions are shown in Figure S2 &S3. Under electron microscope, cells occurred singly and gradually swollen during polymer accumulation.
Functional groups identification
FT-IR has been demonstrated to be a powerful tool for studying microorganisms and their cell components in intact form. It has been reported that PHB is observable in FT-IR spectra in intact bacteria (Hong et al., 1999) . FT-IR is sensitive to local molecular environment; consequently it has been widely applied to reveal the conformational changes of macromolecules during melting and crystallization (Xu et al., 2002) . In 
Gel permeation chromatography (GPC)
To confirm the PHB produced from Bacillus sp. CYR1 was high molecular mass, we measured both number average molecular mass (Mn) and weight average molecular mass (Mw) of thin PHB solvent-cast films using by GPC. MW and polydispersity index can produce PHB with relatively lower dispersity.
Thermal properties evaluation with TGA, DSC, and XRD
Thermogravimetric analysis (TGA) was used to evaluate the thermal stability of polymers, i.e., decomposition temperature, especially focus on the temperature of 5% weight loss (Td5). Around 7 milligrams of PHB powder was added into an aluminum pan and subjected to a heating rate of 20°C/min from ambient to 600°C (Figure 3) . The weight loss of standard PHB started at around 230°C and its Td5 was at 274°C, completely decomposed at 310°C. However the starting temperature for weight loss of the PHB grown by Bacillus sp. CYR1 was significantly low compared with that of standard PHB, i.e., at around 100°C. In addition, the PHB was completely not decomposed at 600°C, indicating that the PHB extracted from Bacillus sp. CYR1 composed of some inorganic material which may came from bacterial dry mass. However, the peak intensities of extracted PHB were extremely weak due to its low crystallinity which may influenced by the lower temperature for initial degradation.
Nevertheless, based on the results shown above, we concluded that the produced polymer is PHB. Figure 4 
Conclusion
Aromatic compounds are widely distributed in nature and cause serious environmental problems if they are not degraded properly. In the present study, the bacteria Bacillus sp.
CYR1 showed good removal of toxic substrates within three days in the presence of Tween-80. Moreover strain CYR1 successfully converted the different compounds into PHB. Among different compounds CYR1 showed highest PHB production with phenol, naphthalene, and 4-chlorphenol. The ability to degrade a wide range of aromatic substrates and convert their metabolites into PHB will make the Bacillus sp. CYR1 as robust bacterium and a potent candidate for the chemo biotechnological conversion of waste to valuable bioplastics. CYR1 cultivated on 100 mg/l phenol in MSM medium. 
